The first-order electroweak phase transition in the early universe could occur in multiple steps leading to specific multi-peaked signatures in the primordial gravitational wave (GW) spectrum. We argue that these signatures are generic phenomena in multi-scalar extensions of the Standard Model particularly relevant for electroweak baryogenesis. In a simple example of such an extension, we have studied the emergence of reoccuring and nested vacuum bubble configurations and their role in the formation of multiple peaks in the GW spectrum. The conditions for potential detectability of these features by the forthcoming generation of interferometers have been studied.
The first-order electroweak phase transition in the early universe could occur in multiple steps leading to specific multi-peaked signatures in the primordial gravitational wave (GW) spectrum. We argue that these signatures are generic phenomena in multi-scalar extensions of the Standard Model particularly relevant for electroweak baryogenesis. In a simple example of such an extension, we have studied the emergence of reoccuring and nested vacuum bubble configurations and their role in the formation of multiple peaks in the GW spectrum. The conditions for potential detectability of these features by the forthcoming generation of interferometers have been studied. Introduction. Despite the great success of the Large Hadron Collider (LHC) in the discovery of the Higgs boson [1, 2] , thus completing the Standard Model (SM), the persistent absence of new physics evidence is driving an increasing discomfort among the particle physics community. The current void of new phenomena either indicates that new physics can only be manifest at a larger energy scale than previously thought, or results from a lack of sensitivity of the current experiments measuring rare events. In fact, the weaker the interaction strength between the SM and new physics, the greater the challenge to probe it.
On the other hand, the recent discovery of a binary neutron star merger, firstly observed by the gravitational waves (GW) interferometers of the LIGO-Virgo collaboration [3, 4] , a new era of multi-messenger astronomy has begun. Furthermore, the reach of GW observatories is by no means exhausted and larger sensitivities are designed for future space-based interferometers such as those of the eLISA [5, 6] , DECIGO [7] and BBO [8] collaborations. This opens up the door for a plethora of new studies including connections with both cosmology and particle physics (see e.g. Refs. [9] [10] [11] [12] [13] [14] [15] ). In particular, the potential observation of a stochastic GW background produced by violent processes in the early universe, e.g. by expanding and colliding vacuum bubbles associated with strong cosmological phase transitions [16, 17] , may well become a gravitational probe for beyond-the-SM (BSM) physics and a complement for recent and future collider experiments.
The observed baryon asymmetry in nature is a major motivation to consider a strong first-order electroweak (EW) phase transition (EWPT) during the thermal evolution of the universe. This follows from the Sakharov conditions [18] stating that in addition to baryon number, C and CP violation, a strong departure from thermal equilibrium, via e.g. a first-order cosmological phase transition, is required to prevent dilution of the generated asymmetry by means of the CPT-theorem. However, neither a significant CP violation nor a strong EW transition are possible to achieve within the SM framework. Extended scalar sectors containing additional EW Higgs doublets and singlets are then needed, and even minimal extensions such as the Two-Higgs Doublet Model [19] and the Singlet-Extended SM [20, 21] can successfully fulfill the Sakharov conditions providing the necessary means for efficient EW baryogenesis [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
When extending the SM scalar sector, the underlying vacuum structure exhibits a growing complexity such that a possibility for transition patterns with several successive first-order steps arises. Multi-step transitions were discussed in Refs. [22, 32, 33] in the context of baryogenesis. In Refs. [22, 34, 35] it was shown that the EWPT could be very strong when occurring at tree-level. This leads to an amplification of free-energy release thus substantially enhancing the GW signals that emerge from the expanding and colliding bubbles.
We propose a possibility to probe new physics models with non-trivial vacuum structure by means of the GW data. We point out that the GW spectrum produced in multi-step strong EWPTs occurring at distinct temperatures in the early universe exhibits a multi-peaked shape which may be probed by future space-based GW observatories such as BBO and DECIGO. Such an observation would be a signature of multiple symmetry breaking stages, a step forward in our understanding of the EWPT and offer gravitational probes to BSM physics.
Multi-step electroweak phase transition. In cosmology, thermal evolution of the EW-breaking vacuum as the universe cools down is determined by the temperaturedependent part of the one-loop effective potential [36] . Given the field content and its quantum numbers of an underlying multi-scalar fundamental theory, the shape of the potential can be determined at any temperature arXiv:1802.10109v1 [hep-ph] 27 Feb 2018
T . In a configuration of two minima of the effective potential coexisting at the critical temperature T c , by using CosmoTransitions [37] one computes numerically the Euclidean actionŜ 3 describing transitions between the corresponding phases. The temperature T n , at which the nucleation of vacuum bubbles effectively occurs, is estimated by setting the probability to nucleate one bubble per horizon volume to unity, which translates intô S 3 /T n ∼140 [36, 38] . The sphaleron suppression criterion v c /T c 1, with v c =v(T c ) the Higgs vacuum expectation value (VEV), defines a strong first-order phase transition. For non-runaway bubbles this typically implies that the transition produces strong GW signals detectable by the next generation of interferometers and may be used for constraining BSM scenarios [13] [14] [15] .
Here we study successive strong first-order EWPTs which we refer to as multi-step transitions. This definition slightly differs from that in the literature, where, at variance with our analysis, the first step does not necessarily need to be strong. An important consequence of this yet unexplored ground is that we can have more than a single transition pattern for a particular point in the parameter space, which results in sequential nucleation of bubbles of different vacua.
A generic BSM scenario typically contains a large number of scalar degrees of freedom which can be advantageous e.g. for EW baryogenesis. Even reducing the scalar sector to a few fields, new unexplored possibilities of transition patterns arise, in particular, transitions in several successive first-order steps. Therefore, a nontrivial EWPT is expected and multi-step transitions may well have occurred in the early universe.
In order to illustrate the generic features of multi-step first-order EW transitions, consider for instance a minimal extension of the SM scalar sector inspired by the high-scale Grand-unified trinification theory [35, 39, 40] . Besides the SM Higgs field H 1 , it contains an additional EW doublet H 2 and singlet ϕ fields which are charged under a U(1) family symmetry. The resulting potential possesses an approximate descrete Z 2 symmetry acting as H j →−H j (j=1,2) and ϕ→−ϕ which significantly simplifies the vacuum structure of the model. An expansion of the scalar fields in terms of real components
defines the quantum fluctuations h 1 , h 2 and S R about the classical field configurations φ α ={φ 1 ,φ 2 ,φ s }, respectively. With this expansion, the classical potential reads
A comprehensive analysis of the tree-level vacuum structure was performed recently in Ref. [35] . It was shown that the basic characteristics of EWPTs in this model, in particular, sequential first-order transitions, are generic for multi-Higgs extensions of the SM. Thus, this model, due to the simplicity of its potential (2), could serve as a good benchmark scenario for further in-depth explorations of cosmological implications of multi-scalar BSM theories. We focus on a simple representative configuration of the parameter space [35] where the only existing phases given in terms of the VEVs of the scalar fields v α ≡ φ α vac ={v 1 ,v 2 ,v s } are (0,0,0), (v 1 ,0,0), (0,v 2 ,0) and (0,0,v s ), which we recast as [0], H 1 , H 2 and Φ, respectively. The possible first-order transitions were found to be H 1 ↔H 2 , H 1 ↔Φ, H 2 ↔Φ, which take place readily in the leading (m/T ) 2 order of the thermal expansion and are expected to be strong. In what follows, without loss of generality we identify the stable phase at T =0 with H 1 . Note, our current first study of the phase transitions between the H 1 , H 2 and Φ vacua is simple but represents the basic features of a more involved scenario with the generic EW-breaking ground state {v 1 ,v 2 ,0} at T =0. Coexisting, nested and reoccurring bubbles. Consider first a sequence of phase transitions to the true vacuum H 1 with the following two patterns:
Φ Universe
One could expect several nucleation processes in the same range of temperatures, e.g. Φ→H 1 and Φ→H 2 , meaning that different sequences could be realized during the same cosmological evolution time leading to a universe where coexisting bubbles of different broken phases expand simultaneously (left panel in Fig. 1 ).
In addition to the coexisting bubbles, more exotic cosmological objects may emerge from multi-step phase transitions. In particular, consider the second and third steps in the pattern [0]→Φ→H 2 →H 1 , occurring at typical nucleation temperatures T n (Φ→H 2 ) T n (H 2 →H 1 ). Between T n (Φ→H 2 ) and T n (H 2 →H 1 ), the H 2 -bubbles nucleate and expand in a universe filled with the Φ-phase. Then at T n (H 2 →H 1 ), while they are still expanding, the H 1 -bubbles emerge and nucleate inside the H 2 -bubbles. As such, the Φ-phase becomes populated with the H 2 -bubbles containing the H 1 -bubbles inside. We denote such objects as nested bubbles shown in Fig. 1 (middle  panel) .
Since the scalar potential keeps evolving as the universe cools down below T n (H 2 →H 1 ), the initial phase Φ becomes unstable also along the H 1 direction, so both transitions towards H 1 and H 2 can occur (coexisting bubbles scenario). In particular, if the potential barrier between the phases Φ and H 1 disappears, the new H 1 -bubbles would nucleate in the parts of the universe that still remain in the Φ-phase i.e. the direct Φ→H 1 transition quickly eliminates the Φ-phase outside of the H 2 -bubbles formed at an earlier time. Such a mixed situation with the coexistence of the ordinary H 1 and nested H 2 →H 1 bubbles is depicted in Fig. 1 (middle panel) . In the end of this process, one ends up with the H 1 -bubbles inside the H 2 -bubbles which exist in a universe filled with the H 1 -phase. We denote these exotic cosmological objects as reoccurring bubbles. Since the H 2 -bubbles cannot expand in a universe filled with the stable H 1 -phase, they are pushed inwards and collapse while the H 1 -bubbles nucleate inside them as illustrated in Fig. 1 (right panel) .
In Fig. 2 we show three realistic cosmological scenarios where the objects discussed above are expected to occur. In the left column, we plot the evolution of the actionŜ 3 /T as a function of temperature for all possible transitions. Whenever a curve corresponding to a transition i→j crosses the horizontal lineŜ 3 /T =140, a bubble of phase j is nucleated inside the phase i, which is denoted as i(j) in what follows. In the right column, we show a diagrammatic representation displaying all types of bubbles (co)existing at a given temperature and corresponding to the plots in the left column. For example, the top panel describes a first-order phase transition Φ→H 1 when H 1 -bubbles nucleate in a universe filled with the Φ-phase (i.e. Φ(H 1 )). In particular, a universe in the symmetric phase [0] first collapses to the Φ-phase through a second-order phase transition without generating any bubbles. Then, the H 1 -bubbles are nucleated at T ∼105 GeV and expand until the Φ-phase becomes unstable at around T ∼60 GeV leaving a universe entirely filled by the true vacuum H 1 . Provided that the transition occurs over the interval ∆T 45 GeV, it is very likely that the bubbles percolate before this last step, although it also depends on the details of a multi-scalar model as well as on dynamics of the nucleated bubbles which will be discussed elsewhere.
While the graphs on the second line of Fig. 2 represent a scenario where three successive steps lead to the nucleation of a nested bubbles Φ (H 2 (H 1 )) , those on the last line describe reoccurring bubbles that emerges from a nested ones. For instance, after nucleation of nested bubbles Φ (H 2 (H 1 )) , the potential barrier between the phases Φ and H 1 disappears (around T ∼60 GeV), such that the parts of the universe in the Φ-phase collapse to the H 1 -phase transforming the nested bubbles Φ (H 2 (H 1 )) into the reoccurring ones H 1 (H 2 (H 1 ) ). This type of cosmological objects is only possible if the nucleation temperatures of the corresponding steps are not too different (percolation typically occurs in the range of ∆T < 10 GeV), and further likely to occur when symmetries in the potential enforces them to be identical as in e.g. Ref. [41] . Multi-peaked gravitational-wave spectrum. As a phenomenological probe, we suggest that multi-step transition patterns such as the ones discussed above leave a characteristic signature in the spectrum of GWs exhibiting a multi-peaked shape. The main idea is that, provided that the properties of the bubble nucleation process are different for successive transitions between distinct phases, we can expect a superposition of GW signals with different frequency peaks, whose positions mostly depend on the inverse time scale of each transition. Typically, the larger the time scale, the smaller the frequency of the corresponding GW signal. 
Examples of the net multi-peaked GW spectra emerging in two-step transitions for distinct masses of two heaviest physical scalars M h2 and M s (with SM-like Higgs boson mass M h1 =125 GeV). Dashed lines indicate sensitivities of eLISA [5, 6] , as well as DECIGO [7] , BBO [8] and LIGO interferometers (see also Ref. [44] ).
We analyse the multi-peaked signatures in the power spectrum of GWs using the well known formalism of Ref. [11, 42, 43] which describes the energy density per logarithmic frequency of the GW radiation, h
2 Ω GW . The GW signal is a linear superposition of three components parameterizing bubble wall collisions, sound waves generated by the phase transitions as well as magnetohydrodynamics turbulences in the plasma.
Since both transitions Φ→H 1 and Φ→H 2 occuring in parallel to each other are the strong first-order ones in the considered model [35] , their typical time scale is rather small, 10 −6 −10 −3 s. It is then expected that the three transitions in Eq. (3) share similar properties resulting in a profile for the GW spectrum with peaks likely to be close to each other, as seen in the left panel of Fig. 3 with frequencies of, approximately, 10 −3 Hz and 2×10 −2 Hz. For the current pattern, depending on the accuracy of the measurement, it may be possible to detect a signature of the second transition as the black curve shows. While the patterns in Eq. (3) may be only partially probed, the peak amplitudes are large enough to be within the reach of planned space based interferometers such as BBO and DECIGO.
Alternatively, well separated peaks can be generated by transitions with very different time scales. Therefore, a multi-peaked GW spectrum of this kind should be produced by another pattern with, at least, one shortlasting and one long-lasting transitions. Let us consider two breaking steps where the first one is generated by thermal loop effects, in the spirit of the models studied in, e.g. Refs. [22, [32] [33] [34] . For instance, the [0]→Φ→H 1 pattern, where the first [0]→Φ step becomes a first-order transition due to the effect of cubic contributions in the thermal m/T expansion. For such transitions, a sample of the corresponding GW signals are displayed at the right panel of Fig. 3 . Here, we observe two wellseparated peaks but with amplitudes much smaller than those found in the left panel. This is a consequence of relatively weak first-order phase transitions whose strengths are of the order v n /T n ∼0.2−0.5. In particular, the loopgenerated ones, which have a much larger time scale than those that are already first-order at tree level, have their frequencies shifted to the left.
Note, the peak-amplitude is mostly determined by the time scale of the transition and by the release of latent heat. Therefore, the very fast tree-level transitions result in much smaller peak-amplitudes than the loopinduced ones unless the released latent heat in the latter is large enough to compensate this effect, as shown in the right panel of Fig. 3 . This second example indicates that the observation of such a pattern would provide us with a rather detailed information about dynamics of the EWPT. However, in the considered toy-model, such signals with well-separated peaks in the GW spectrum are not expected to be detectable in the currently planned observatories, and a new generation of interferometers covering smaller amplitudes and a wider range of frequencies is needed. One can hope to have two detectable peaks within reach of near-future GW measurements in the following two cases: (i) for a larger energy budget with an enhanced release of the latent heat, and (ii) in more complicated multi-scalar models (e.g. with mixing) where the loop-induced transitions, followed by another strong first-order transition, emerge within the detection limits (e.g. Ref. [23] ).
We would like to point out that a complete knowledge of the bubble dynamics is needed in order to precisely describe the phase transitions, from nucleation to percolation. While this is beyond the scope of the present letter, one may raise a few immediate questions that result from our analysis: do we expect new sources of GWs when nested bubbles collide or when a nested bubble expands faster than its "mother bubble" reaching the wall of the latter? Given that in general such objects have no reason to be spherically symmetric, what is their impact on the profile of the GW spectrum? What is the impact of nested vacuum bubbles for baryogenesis? These are important questions for a further deeper analysis. Conclusions. We have shown how multi-peaked GW spectra can originate from multi-step strong first-order phase transitions in multi-scalar BSM theories. Taking a simple model as an example, we found that when two of such transitions have a different origin, i.e. one is generated by radiative and thermal corrections while the other is present at tree level, the GW spectrum exhibits two well resolved peaks. We have also argued that if different phase transitions take place at close temperatures, exotic cosmological objects like coexisting and nested bubbles can be nucleated. In generic BSM theories emerging from Grand-unified field theories, which typically offer large scalar sectors, a variety of transition patterns is possible and such processes could become more abundant leading to potentially observable multi-peaked GW signatures and thus strongly motivating further studies in this direction.
